From an economic point of view a well-designed road path with the minimum construction cost is an optimal path that can be found using Dijkstra's algorithm. In this study Dijkstra's algorithm that consisted of nodes and links was used to optimize the road path in a broadleaved forest. The lower the cost, the greater the chance that the link will get routed. The road construction cost depends on the length of links, longitudinal gradient of links, side slope of the terrain and unit cost of the link construction. In general, the construction cost of each link increased with increasing length of the link, side slope gradient and longitudinal gradient. The total length and mean construction cost of optimal path were 530 m and 18.18 USD·m -1 , respectively. Based on the analysis, we found that Dijkstra's algorithm is feasible in selecting an optimal path according to the construction cost of forest road.
The Hyrcanian forests are located in the north of Iran and on the south coast of the Caspian Sea, extending from the coast to an altitude of 2,800 m of Alborz Mountain (Akbarimehr, Naghdi 2012) . The area of these forests is about 1.8 million ha and 60% of these forests are known as wood production pole-stage stands (Tavankar 2013) . Access to this commercial source for harvesting and conservation is provided by a forest road network (Kooshki et al. 2012) . Forest transportation activities in the Hyrcanian zone include log extraction from the stump to a depot and secondary transport by trucks on roads to a mill. This region requires a new and cost-effective approach to manage roads and transportation network. Cheng and Chang (2001) developed a GIS-based network analysis system to automate the process of routing and design of a road. Dijkstra's algorithm has been widely used in computers. In such algorithms, each node attempts to route over paths of minimum distance and updates the distances to adapt topology and traffic (Wang, Crowcroft 1992; Rogers 2005; Xie, Levinson 2006) . Rees (2004) modelled the least-cost paths between the start and end points and then applied Dijkstra's algorithm to find the least-cost routes from a variety of starting points to a mountain summit. Devlin et al. (2008) used an ArcInfo network analyst tool (ESRI, Redlands, USA) to compare timber truck routes from forest harvesting site to mill in Ireland. It was found that the GPS routes were over 90% similar with what was generated by Dijkstra's routing algorithm within the GIS (ESRI, Redlands, USA). Ilayaraja (2013) determined the shortest path for three different scenarios between any two points within the road network using Dijkstra's algorithm in Quantum GIS (QGIS Development Team, Essen, Germany). This dataset can be used for transport management by various organizations. Therefore, careful planning and analysis of paths is an ongoing task and necessary for minimizing the environmental impact (Wang et al. 2014) .
The computer software and hardware are extensively and effectively used especially in the developed countries for the solutions of complex problems. The facilities offered by the computer technology are used in forestry to a great extent also as in many other areas. In northern forestry of Iran, AutoCAD (Autodesk, San Rafael, USA) and ROAD software (Fugro Roadware, Richmond, USA) is used to design forest road profiles and their calculations but few-er researches have been focused on road planning and analysing by computerized and mathematical algorithms. In Hyrcanian forests, the construction of forest roads is the most costly and environmentally harmful operation for the forest ecosystem. The construction cost for road path planning in logging operations is presented in this paper. Using Dijkstra's algorithm, it searches through area and analysis a connecting path that links nodes. Forest openness is related to the concept of accessibility and easiness to conduct skidding and transport operations using existing and new forest roads. One of the main goals of the manuscript is calculating and optimizing the road path for forest openness. . The forest is harvested by a single tree selection cutting system according to the annual harvesting table. The region has the Mediterranean warm and moist climate. The mean annual precipitation is 649 mm while it is the lowest in July and August (Fig. 1 ).
MATERIAL AND METHODS

District
In this study Dijkstra's algorithm was used for finding a forest path with minimum construction cost. First, the digital elevation model (DEM) of harvesting unit was prepared from a topographic map. The raster cells of DEM were considered as a grid with nodes and links. Nodes are placed on a regular grid and links that represent potential roads are projected to connect the nodes. Links with maximum length of 75 m are connected from a node to eight adjacent nodes (Fig. 2) . A set of links was created to connect one forest road from one node to another node. The procedure is repeated until all nodes are connected.
The total road construction cost (TRC) for road candidate k is calculated using Equation 1 (Contreras, Chung 2007; Eq. 1):
where: 
where:
LD i -length of the link (m), RC -unit cost of road construction (USD·m -1 ; in this study it was assumed RC = 16.22 USD·m -1 ), LS i -longitudinal road gradient factor, SS i -side slope factor (Table 1) . The road gradient must be less than 12%. In the present study six road paths were designed in the shape of a network (Fig. 2) . In a field survey, longitudinal road gradient and side slope gradient were measured using a clinometer.
RESULTS
In this study Dijkstra's algorithm was used to find the least-cost path between nodes 1 and 7. It picks the links with the minimum cost, calculates the cost of the link through it to each unvisited neighbour nodes. Six road paths were projected considering accessibility to terminal node 7 in a harvest unit. Each path was evaluated by calculating the construction cost of links that make a road. The investigation described here takes account of the varying road construction cost over different kinds of terrain slope. The road cost depends on the length of links, longitudinal gradient of links, side slope of the terrain and unit cost of link construction. Results show that in general the construction cost of each link increased by increasing the length of the link, side slope gradient and longitudinal gradient. Therefore, the construction cost of 3 and 6 candidate roads is higher than that of the other paths. These cases considered the road construction amounting to 14,530 and 16,139 USD, respectively. In addition, the construction cost of 2 candidate roads was the lowest. This case considered the road construction of 9,435 USD (Table 2) .
In this study the total area of the selected harvesting units is 18 ha with the mean volume of 350 m 3 of logs. The path gradient for routing must be less than 9% for the safe truck passage according to the maximum allowable standard value. If the gradient is higher than 9%, the link becomes unacceptable for the road construction. The mean road gradient of an optimal road was calculated as 4%. The weights of links in the network are determined according to the construction cost. The lower the cost, the greater the chance that the link will get routed (Fig. 3) . Fig. 4 presents an optimal path as the least-cost candidate road. The total length and mean construction cost of optimal path were 530 m and 18.18 USD·m -1 , respectively (Table 3) . 
DISCUSSION
Forest roads are the most important foundation for sustainable forestry operations. At the same time, forest roads are the first step in providing forest protection in the shortest time and consequently they play an important role in the environmental protection. A mistake in planning a road, such as ignoring the effects of environmental and other parameters, leads not only to the waste of public investment, but also to adverse environmental impacts and increase in maintenance costs (Heralt 2002) . Some researchers applied the GIS techniques to design the optimal forest road density in northern forests of Iran. They concluded that using GIS and computerized analysing cause to economize in time, costs and to minimize environmental damage. Dijkstra's algorithm is also used by many researchers in routing. This algorithm finds the route with the lowest cost between that node and every other node (Dijkstra 1959; Kaufman, Smith 1993; Möhring et al. 2006) .
In the present study we used this algorithm with a set of links to find an optimal path in a harvesting unit. We found that the lower the cost, the greater the chance that the link will get routed. In Dijkstra's algorithm a tentative cost value is assigned to each node. It sets to zero for our initial node and to infinity for all other nodes. Then for the current node, all of its unvisited neighbours are considered and their tentative cost is calculated (Zhan et al. 1998 ). The newly calculated tentative cost is compared with the current assigned value and the lower one is assigned. When we were considering all of the neighbours of the current node, the current node is marked as visited and removed from the unvisited set. A visited node will never be checked again. If the destination node has been marked as visited, then the algorithm has finished and an optimal path is routed (Ahuja et al. 1990) . In this study the total length and mean construction cost of optimal path were 530 m and 18.18 USD·m -1 , respectively. The advantage of Dijkstra's algorithm is that it can consider a wide range of data including length of links, longitudinal gradient of links, side slope of the terrain and unit cost of the link construction.
CONCLUSIONS
Based on Dijkstra's algorithm and the characteristics of the forest road networks, this algorithm starts at searching for the least-cost path from the source station to the destination station. Based on the analysis, we found that Dijkstra's algorithm is feasible in selecting an optimal path according to the construction cost. Dijkstra's algorithm requires the manipulation of many input parameters to find a desired path. Therefore, other parameters can be added to the algorithm in individual harvest units with their unique physiographic and vegetative conditions. Additional research needs to be done on refining the link geometry in order to accurately evaluate longitudinal gradient and vehicle speed and to improve estimates of construction quantities.
